Purpose: The main objective of this paper is to determine the annual cyclical flight delays at Hartsfield-Jackson Atlanta International Airport. Then using other data such as annual precipitation, passenger and aircraft traffic volumes and other factors, we attempted to correlate these factors with overall delays. These data could assist airport management in predicting periods of flight delay. Additional data were gathered from the FAA regarding delay causes, number and types of delays and changes to the infrastructure of ATL airport.
The Bureau of Transportation Statistics defines an airline delay as a flight that is delayed more than 15 minutes and is caused by one of the following (BTS 2012):
• Air Carrier: The cause of the cancellation or delay was due to circumstances within the airline's control (e.g. maintenance or crew problems, aircraft cleaning, baggage loading, fuelling, etc.).
• Extreme Weather: Significant meteorological conditions (actual or forecasted) that, in the judgment of the carrier, delays or prevents the operation of a flight such as tornado, blizzard or hurricane.
• National Aviation System (NAS): Delays and cancellations attributable to the national aviation system that refer to a broad set of conditions, such as non-extreme weather conditions, airport operations, heavy traffic volume, and air traffic control.
• Late-arriving aircraft: A previous flight with same aircraft arrived late, causing the present flight to depart late.
• Security: Delays or cancellations caused by evacuation of a terminal or concourse, reboarding of aircraft because of security breach, inoperative screening equipment and/or long lines in excess of 29 minutes at screening areas.
A breakdown by these categories for all flights within the United States for September 2012 showed the percentage of each type of delay (Table 1) . Diverted and cancelled flights were not considered since a cancelled flight never arrives at its destination and a diverted flight lands at another airport. flight were on time, meaning they had departed within 15 minutes of their scheduled time.
Number of
12.57% of all flights were delayed due to extreme weather, National Airspace System (NAS) delays, security or air carrier delay, 5.84% were caused by late arriving aircraft. Umang illustrated that passenger traffic volume and passenger delays were both highest on Friday, and both lowest on Saturday, suggesting a relationship between the two (Figure 1 ). Umang (2008) suggested that the relationship between passenger quantity and passenger delay by month was not the same as day of the week due to the influence of seasonal weather patterns ( Figure 2 ).
In Figure 3 , Umang (2008) shows that in 2007, Atlanta was prone to more passenger delay than 22 other airports analyzed. While Umang's research looked at delays by day of the week and by month, the research did not include exploring daily delay trends over the period of a year or more. Their model takes into account seasonal trend and daily propagation patterns (Figure 4 ). This approach showed promise in forecasting delays in future time periods. Their goal is to transfer this model from just one airline at one airport to all airlines at all airports.
Mueller and Chatterji (2002) showed that in 2000, 84% of all delays were ground based ( Figure 5 ) with 50% of delays occurring at the gate, 26% occurring during taxi out, and 8%
occurring during taxi-in.
They also showed that 69% of departure and arrival delays were caused by weather, 14% by traffic volume and 6% by runway delays (Figure 6 ).
Changnon (1996) in a study comparing precipitation to transportation accidents showed 57% of the 30-min. flight delays at Chicago's O'Hare Airport occurred during rainy weather conditions. Results suggest a future climate with more summer rain days would mean more total vehicular accidents, more aircraft accidents and flight delays.
A review of other studies conducted throughout the United States showed they examined delay patterns in terms of time of day, day of week or month of year. This study appears to be one of the first to study potential repetitive cycles of delay on an annual basis using data for 6 consecutive years, 2005-2011.
Summing up our analysis, one can conclude that up to now delay patterns were investigated in terms of time of day, day of week or month of year. In our knowledge, the result presented in this paper appears to be the first one or better to say one of the first to study potential repetitive cycles of delay on an annual basis using data for 6 consecutive years, 2005-2011. Data were also gathered from the National Oceanic and Atmospheric Administration (NOAA) showing precipitation. Additional data were gathered from the FAA Operations Network (OPSNET) database regarding delay causes, number and types of delays and changes to the infrastructure of ATL airport.
Results
We considered the average delay as it changes ( Then we described this global evolution of average departure delay using a superposition of a linear trend with a superposition of sinusoidal harmonics (i.e., a Fourier series with period 1 year), see figure 11. For finding the dependence parameters, there was used the maximum likelihood method which assumes the normal distribution assumption (Hald, 1999) .
(Reference is Hald, 1999). "On the history of maximum likelihood in relation to inverse probability and least squares". Statistical Science 14(2): 214-222. JSTOR 2676741).
The formula of the match is:
f(x)=a+b*(x2005)+e1*sin(2*3.14159*x+f1)+e2*sin(2*3.14159*2*x+f2)+e3*sin(2*3.14 159*3*x+f3)+e4*sin(2*3.14159*4*x+f4)
where the values of the parameters and their estimated standard errors (from the covariance matrix in the final step of the fitting algorithm) are as follows (Equations 2 As a result, we find a clear seasonal effect superposed to a long-term improvement trend.
These seasonal peaks are related to summer months, with side peaks in November and February ( Figure 9 ). Because the average departure delays can effectively be modelled by such a regular dependence, it can be considered as a result which certainly must be interpreted from a seasonal point of view.
Discussion

Patterns of delay
Data were examined that might explain the delay patterns shown in the model (Figure 11 ).
Delay categories defined by the FAA were used. The delay categories were:
• NAS Delays
• Late Arriving Aircraft
• Carrier Delay
• Extreme Weather Delay
• Security Delays Figure 10 shows the types and quantities of delays by month from 2005-2011.Each of these factors was further examined to determine how they might contribute to overall delays. 
National Aviation System (NAS)
Delays and cancellations attributable to the national aviation system that refer to a broad set of conditions, such as non-extreme weather conditions, airport operations, heavy traffic volume, and air traffic control.
Non-extreme weather
NAS (National Airspace System) delays were the biggest contributor to delays at ATL. This category included non-extreme weather such as precipitation. Precipitation events can include rain, wind and fog, reducing weather minimums and thus reducing traffic flows. Winds can change landing and take off traffic patterns and can cause some runways to become unusable or require the use of runways with a lower traffic capacity.
Rainfall amounts and accompanying low visibilities, cloud ceilings and wind are most prevalent in February, July and consistently high during October, November and December of each year ( Figure 11 ) (NOAA, 2013) . These increases in precipitation coincide with increased delays.
These data support the research conducted by Changnon (1996) showing increases in aircraft delays during increases in precipitation at Chicago airports. Analysis of seasonal delays in Figure 11 shows a marked increase in March, July, and an increasing trend in October, November and December, mirroring the precipitation chart in Figure 14 . The FAA states that "During bad weather, however, capacity is lower, resulting in more delay" (p. 3). GDP will normally be implemented at airports where capacity has been reduced because of weather -such as low ceilings, thunderstorms or wind-or when demand exceeds capacity for a sustained period.
Air Traffic Control
GDPs are implemented to ensure the arrival demand at an airport is kept at a manageable level to preclude extensive holding and to prevent aircraft from having to divert to other airports. They are also used in support of Severe Weather Avoidance Plan (SWAP).
An EDCT time issued to a flight to indicate when it can expect to receive departure clearance.
EDCTs are issued as part of Traffic Management Programs, such as a Ground Delay Program (GDP) (p.21).
EDCT delays were researched for ATL using FAA data. The quantities of EDCTs issued at ATL (Figure 12 ) are very similar to the patterns of total delays, with peaks in March and July. This type of schedule distribution can adversely affect delays at an airport.
The FAA (2004) states:
• The amount of delay caused by overscheduling depends on many factors, but one of the main factors is the availability of compensating "under scheduled" periods during the day. If a schedule peak is followed by an equivalent or greater "valley", then the scheduled traffic can be handled in the next time period and delays will be short. If the peak extends over several time periods, however, it will take longer to eliminate the backlog of waiting flights, and delays will increase accordingly.
• The delay experienced by flights in a given time period is also affected by the distribution of flights within that time period. Clustering of flights within the time period will lead to more delay than if the flights were evenly distributed. For example, suppose that a runway can accommodate one departure each minute. If the schedule provides one departure per minute, delays will be minimal. However, if 15 departures leave the gate at the same time, one will be delayed by a minute, another by two minutes, and so forth, with the last departure delayed by 14 minutes (p. A-4).
Regarding the aircraft operations "into" and "out", the airport can be interpreted as an open system based on the thermodynamic meaning of term "open". Under steady state conditions, the "inflow" aircraft operations equals or approximately equals to the "outflow" ones. The number of airplanes in the airport is remaining the same or rather to say approximately the same (constant).
As Figure 12 shows, security delays were minimal at an average of 0.12% delays per year for ATL and do not appear to have an adverse effect on delays.
Researchers investigated ATL airport improvements and/or changes that might have affected flight delays during this time period. In 2008, ATL revised taxiways and aircraft routing between the terminal gates and the runways. As shown in Figure 11 , there is a marked decrease in overall delays starting in 2008.
Conclusions
The obtained analytic 'harmonic' expression (1) for calculating the average delay at the ATL airport is an expression which can be used as a prototype for calculating the similar dependences for different airports allows the long-term seasonal prediction of the flight delay on the annual basis.
This expression shows at a minimum an annual pattern of delays at ATL that can be modelled using delay data from the Bureau of Transportation Statistics. Other patterns may be linked to other factors not yet revealed in this study. This annual pattern appears to be caused primarily by the frequency and amount of precipitation that falls at ATL and by the amount of flights that arrive and depart at ATL. Precipitation/weather and its associated low visibility, lower cloud ceilings and wind at ATL reduce the amount of traffic that ATL can handle during these precipitation periods. The infrastructure is less tolerant to schedule perturbations when the airport is operating at or near capacity during periods of precipitation.
These factors along with the following factors then create further delays::
• Late arriving aircraft
• FAA Ground Delay Program (GDP) and specifically the Expect Delay Clearance Time (EDCT). The delays induced by this program are based on the ability of destination airports to accept flights from ATL.
Higher flight operations coincide with higher periods of precipitation, which work against each other to increase delays
Cancelling flights in advance of adverse weather will reduce delays and allow for a more orderly recovery from the adverse weather.
Additional airport infrastructure, though expensive, can reduce delays. Delays were reduced by revising procedures for the more efficient use of taxiways and runways at ATL.
This paper supports the conclusions of Capozzi, Andre and Smith (2007) where they concluded "key changes in operational philosophy and procedures (are) required in order that the future National Airspace System (NAS) to be less susceptible to the impact of weather" (p. 13).
Future Research Questions
Is some amount of flight delay acceptable to the air carriers and passengers? In some cases, delays may be beneficial. A pilot might delay a flight until a thunderstorm passes through the airport, or not depart until the aircraft is functionally correctly. Should air carriers have those types of delays count against them when the purpose of the delay is to improve safety? Of course, there would be the temptation to lump all delays as "safety delays". Are airports willing to add more taxiways and runways to handle peaks in traffic? The air carriers' response might be to increase the frequency of flights to take advantage of the added capacity and have the airport face the same problems it was trying to solve.
Should flight schedules and flight operations account for airport weather patterns? How can air carriers better anticipate and adjust schedules for something as unpredictable as weather?
While air carriers are doing better in anticipating and mitigating the effects of severe weather, what can be done to mitigate the effects of normal precipitation?
Can technology be advanced where air traffic flows at the same rates and capacity as if precipitation wasn't present? Innovations in enhanced vision systems, required navigation performance (RNP) and cockpit displays may allow pilots to safety fly regardless of weather.
These and other questions raised by this and other research will require the collaboration of researchers, aircraft manufacturers, air carriers and the FAA to decrease flight delays while maintaining a level of safety that the flying public expects and demands.
